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Control valves used in energy systems are often integrated with trims having well designed ﬂow paths to
regulate ﬂuid ﬂow. These trims, known as multi-stage continuous-resistance trims, comprise of stag-
gered arrangement of circular cylinders enabling pressure drop reduction in controlled stages. The trim
design process currently used doesn't ensure good local ﬂow characteristics and relies almost entirely on
the global performance indicators. The existing design largely ignores the effects of geometrical features
of the trim, resulting in severe performance issues locally. In the present investigation, unique geometry-
dependant local ﬂow parameters have been analysed, using Computational Fluid Dynamics, and inte-
grated with the global performance indicators to develop an improved trim design. Novel geometry and
ﬂow based parameters have been developed that uniquely relate the local ﬂow behaviour within the
trims to their corresponding geometrical parameters. It has been observed that the change in geomet-
rical parameters of the trim signiﬁcantly affects trim's performance, for example, reduction in the cyl-
inders' dimensions, under same operating conditions, reduces the normalised pressure drop, ﬂow
velocity and energy by 28.4%, 26.8% and 37.9% respectively. The work highlights the need for modiﬁcation
in existing trim design methodology.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Control valves are used for ﬂow control in various integrated
energy systems, ranging from conventional power plants, to nu-
clear and oil and gas systems. A control valve consists of a number
of key components, such as the valve's pressure envelope (con-
taining the valve body, bonnet, bolts etc), a stem and an actuator, as
shown in Fig. 1(a and b) [1]. An essential component of a control
valve is a trim assembly (containing the plug, seat, cage/guide etc)
that is designed to regulate the ﬂow and avoid/minimise cavitation,
vibrations and noise within the valve [2]. There are many types of
trims commercially available, and the one used for higher pressure
drop applications are commonly known as multi-stage continuous-
resistance trims, which consist of staggered arrangement of circular
cylinders (Fig. 1(c)) [3]. The control valve trims are carefully
designed to ensure that the ﬂow propagates in a controlled mannerAntonio.Oliveira2@hud.ac.uk
Charlton), r.mishra@hud.ac.
r Ltd. This is an open access article[4]. The geometry of trim's ﬂow paths can have variety of shapes
including that of a converging-diverging duct [5]. The ﬂow propa-
gation along the ﬂow paths may result in ﬂashing/cavitation and
different stages [6]. Depending on the area available for the ﬂow,
the supersonic conditions can also recur within the complex ﬂow
geometry [7]. The above discussion indicates that the geometrical
features of the trim have a considerable effect on the ﬂow ﬁeld
characteristics, as well as the operational characteristics of a control
valve. The overall size (inner and outer diameters) of the trim is
generally dictated by the design speciﬁcations of the valve and the
process conditions that the valve is designed to operate in.
The primary design parameter of a control valve is its ﬂow
capacity (CvControl-Valve) [9]. The ﬂow capacity of a control valve
depends on the ﬂow capacity of the trim (CvTrim), as given
below [10]:
1
Cv2ControlValve
f
1
Cv2Trim
(1)
and:under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
                                (a)                                                                           (b)
(c)
Fig. 1. Components of a control valve (a) valve and the actuator (b) valve body with the trim [8] (c) the trim.
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where CvTrim is the ﬂow capacity of the trim. In equation (2), QTrim
and DPTrim are the ﬂow rate (in m3/hr) and the overall/global
pressure drop (in kPa) across the trim. The sizing equations for
multi-stage control valves use the above mentioned parameters for
designing a control valve trim [11]. It can be seen in equations (1)
and (2) that the design of the trim (and the control valve) is
explicitly dependent on global ﬂow parameters. The typical design
process involves providing ﬂow area to maintain the Cv value
through well controlled expansion. However, the ﬂow ﬁeld within
the trim is expected to be highly complex and three-dimensional in
nature, which can signiﬁcantly affect the trim's local ﬂow effec-
tiveness. This aspect is not included in the conventional design of
the trims (and the control valve). In the present study, an attempt
has been made to correlate the local ﬂow features of the trims with
their global performance indicators, as well as local geometrical
features. This in-turn will improve the design of these trims
enabling better ﬂow control at local level.
Recently, some studies have been conducted to analyse the local
ﬂow behaviour within multi-stage continuous-resistance trims.
Green et al. [12] carried out extensive experimental and Compu-
tational Fluid Dynamics (CFD) based investigations in order to
better understand the complex ﬂow behaviour within a control
valve, integrated with a multi-stage continuous-resistance trims. In
these investigations, a commonly used globe-type control valve has
been used. The operating pressures were in the range of 2e5 bar. It
has been reported that CvControl-Valve and CvTrim are independent of
the ﬂow rate passing through them. The results have been
compared against the experimental data, however, signiﬁcant dif-
ferences have been observed amongst them. Furthermore, Greenet al. [13] has reported that numerically computed CvTrim has been
shown to be 25% higher than the experimentally computed CvTrim.
The possible reason for this discrepancy in the numerical results
has been attributed to the fact that only a quarter of a disc of the
trim has been considered, which is a signiﬁcant simpliﬁcation as
the ﬂow is expected to be highly three dimensional in the trim. Klas
et al. [14] have clearly stated in their numerical study of a com-
parison between 2D and 3Dmodelling of the control valves that 2D
numerical modelling fails to account for the backﬂow in the valve,
and hence, the numerical results based on the 2Dmodelling cannot
be relied on. The study also pointed out that the velocity ﬁeld
within the 2D control valve varied signiﬁcantly as compared to its
3D counterpart. This has led Asim et al. [15], Asim et al. [16] and
Antonio et al. [17] to study the local ﬂow behaviour within a control
valve, and multi-stage continuous-resistance trims, using a 3D
numerical modelling approach. It has been reported that although
CvControl-Valve and CvTrim are independent of the ﬂow conditions, as
the valve opening position increases, both these ﬂowcapacities also
increase [15]. The ﬂow conditions considered in these studies,
experimentally, are the same as considered by Green et al. [12];
however, the numerical investigations have been carried out in the
range of 10e100 bar operating pressure, which corresponds to se-
vere service applications. Asim et al. [16] have reported that there
are signiﬁcant pressure and velocity variations observed within the
trim and hence, a critical local ﬂow analysis is essential to develop
better trim designs. It has been observed that the ﬂow paths (area
between the cylinders) are prone to cavitation as the local static
pressure here may drop below the vapour pressure line. Antonio
[17] carried out further local ﬂow analyses within the trim, under
similar ﬂow conditions as that of Asim et al. [15], reporting that the
local ﬂow behaviour is non-uniform not only in the radial direction
of the trim (i.e. ﬂuid ﬂowing inwards/outwards), but it is also highly
complex in the different discs of the trim (vertically). Hence, the
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trim. Although the aforementioned studies analysed the complex
ﬂow behaviour within the trim, no attempts were made to include
the correlations quantifying the local ﬂow behaviour into the
design of the trims and the control valves.
Wang et al. [18] carried out extensive numerical investigations
on the ﬂow structure within bell-shaped control valves. These in-
vestigations have been performed at valve pressure ratios of 0.95 to
0.05, and valve's open ratio of 50%e2%. It has been reported that the
ﬂow within the control valve can be categorised into an annular
attachment ﬂow (jet ﬂow) and a central detachment ﬂow (back
ﬂow), separated by a pair-vortex. These ﬂow regimes are signiﬁ-
cantly affected by the valve's pressure and open ratios; higher ratios
resulted in centrally detached ﬂow, while lower ratios resulted in
annular attached ﬂow. It has been further reported that the primary
reason for the change in the ﬂow regimeswithin the control valve is
the Coanda effect. Although a detailed local ﬂow analysis has been
presented, it has not been quantiﬁed and the observed ﬂow
behaviour has not been reﬂected in the design of the valve. Qiu et al.
[19] performed numerical investigations on the effects of control
valve's needle/stem speed on the cavitation behaviour of the valve.
The operating conditions tested were in the range of 43e124MPa
of inlet pressure, and 2e50MPa of outlet pressure. It has been re-
ported that, under same operating conditions, increase in the
spindle speed results in increase in the mass ﬂow rate passing
through the valve. This in-turn has been observed to decrease the
cavitationwithin the valve. This information is very useful in terms
of valve and trim design; however, Qiu et al. [19] have not formu-
lated a strategy to implement spindle speed as a parameter for the
design and operation of the valve. Kong et al. [20] took the analysis
of the internal ﬂow ﬁeld within control valves further, and applied
ﬂow ﬁeld decomposition, and its reconstruction, for modelling the
hydrodynamic characteristics of a valve. Numerical investigations
have been carried out at ﬂow rates in the range of 20e250 l/min.
Using Proper Orthogonal Decomposition (POD), the local ﬂow
behaviour within a valve has been reconstructed with 99.53% ac-
curacy using only 10 high energy modes. The error between the
reconstructed and actual pressure ﬁeld has been reported to be
below 5%. The results presented in the study are very useful and a
way needs to be found to integrate the outcomes of this analysis
into the design of a control valve. However, this aspect has not been
considered. In the present study, extensive local ﬂow ﬁeld analyses
have been carried out within the control valve and the trim, using a
range of different techniques/parameters. This information has
then been integrated with the global performance indicators of the
trim to develop a novel design that takes care of local ﬂow
behaviour, as well as the global performance indicators of the trim.
The local ﬂow behaviour within a multi-stage continuous-
resistance trim is substantially affected by the geometrical pa-
rameters of the trim, which are in an ideal sense, the output of the
design process. This indicates that to achieve pre-determined local
ﬂow behaviour, and overall performance characteristics of the
control valve and the trim, there must be a direct method to
calculate geometric dimensions of the trim. Recent studies have, to
some extent, quantiﬁed the effects of various geometrical di-
mensions/shapes on the hydrodynamic behaviour of the trim/
valve; however, this has not been used to develop a more sophis-
ticated trim/valve design. For example, after Morton's [21] concept
design of a multi-stage continuous-resistance trim, based on X
shaped ﬂow paths rather than þ shaped ﬂow paths, Asim [22]
analysed various geometrical conﬁgurations suggested by Morton
[21] using experimental and advanced numerical techniques. The
operating range of these investigations is the same as considered by
Asim et al. [15] and Antonio [17]. The trim's geometrical variations
considered were the overall size (outer diameter), number of rowsof cylinders in a disc and the shape of end rows (semi-circular).
These investigations have shown that CvTrim decreases by 25.2% as
the size of trim and the number of rows of cylinders increases from
5 to 7. Similarly, semi-circular cylinders in the end rows of the trim,
as compared to circular cylinders, resulted in CvTrim reduction (by
5%) due to ﬂow separation. However, no attempt was made to
integrate these results into the design of the trim. Charlton [23] has
further analysed the effects of the manufacturing methods on the
trim design by comparing trims manufactured using Electron
Discharge Machining (EDM) and Selective Laser Melting (SLM). It
has been shown that although EDM based multi-stage continuous-
resistance trims are geometrically superior in design, the relative
cost of SLM based trimsmake themmore preferable for commercial
viability [23]. Based on this information, several SLM based concept
trims were designed by Charlton et al. [24], based on
manufacturing experience, to enhance the ﬂow capacity. These
concept trims used thin wall and mirror body features to produce
complex ﬂow paths, rather than a standard lofted cut. Conﬁgura-
tions such as ridged, wavy, arced and tear-drop shaped end ﬂow
paths were numerically tested and analysed, at the same operating
conditions as in Asim [22]. The results show that, generally, the
ﬂow path area has a signiﬁcant impact on the performance of the
trim i.e. increased ﬂow path area generally increases CvTrim and vice
versa. However, the trim consisting of tear-drop shaped end ﬂow
paths showed 9.7% improvement in performance, compared to a
like-for-like trim design. The aforementioned studies included
parametric design investigations but the outcomes were not inte-
grated into the design of the trims in order to improve it.
Lisowski and Filo [25] carried out wide-ranging CFD based in-
vestigations on the hydrodynamic characteristics of a control valve.
Various design modiﬁcations to the valve's spool geometry were
employed in order to enhance the global performance indicators of
the valve and to reduce the forces acting on the spool. These
geometrical modiﬁcations included circular/triangular openings
and introduction of a number of notches/under-cuts in the vicinity
of the spool. Lisowski et al. [26] carried out numerical testing at a
Reynolds number range of 300e2500. Based on the local ﬂow
behaviour within the control valve, it has been shown that the
triangular openings increased the proportional operating range of
the valve by 40%, while the use of 2 notches reduced the radial
forces acting on the spool by 102%. This clearly shows that the
shape of ﬂow paths has a signiﬁcant inﬂuence on the hydrody-
namic behaviour of the valve; however, these ﬁndings have not
been used tomodify the existing design for control valves. Sun et al.
[27] numerically investigated the effects of ﬂow path geometry,
considering the surface roughness effects, on the ﬂow capacity of a
valve. The operating conditions considered were Qmax in the range
of 500e2500m3/h, where Qmax is the maximum ﬂow rate passing
through the valve. It has been reported that the ﬂow path geometry
has signiﬁcant inﬂuence on the global performance indicators of
the valve. It has been stated that the surface roughness can vary the
ﬂow coefﬁcient of the valve by 17%, on average, while it can be even
higher at lower valve opening positions. An attempt has been made
to correlate the geometric parameters of the valve with the global
performance indicators. For this purpose, a semi-empirical
expression has been developed for the pressure drop across the
valve that takes into account the effects of surface roughness.
However, there are two serious issues with the developed corre-
lation. The ﬁrst issue is that the developed correlation is not
dimensionally homogeneous; pressure (Pa¼ kg/m.sec2) has
signiﬁcantly different units than roughness height (m). The other
issue is that some terms in the correlation are a function of ﬂow
velocity, which has been speciﬁed, implicitly, as the inlet boundary
condition.
Similar to Sun et al. [27], Jin et al. [28] carried out extensive
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displacement on the pressure force acting on it, hence analysing the
effects of ﬂow path geometry on the valve's performance. These
investigations have been carried out at ﬂow velocities of 1.5m/sec,
3.5m/sec and 5.5m/sec, while core diameters of 2e16mm were
considered. Moreover, the core displacements of 5e35mm were
used to carry out local ﬂow ﬁeld analysis, using ﬂow and energy
loss coefﬁcients as the parameters. The energy loss parameter
considered in this study is actually non-dimensional pressure drop.
A more accurate energy loss parameter has been considered for
analysis in the present study (in section 8.0). It has been reported by
Jin et al. [28] that as the core diameter increases, the ﬂow co-
efﬁcients increases, while the loss coefﬁcient decreases, which
seems logical. Based on the numerical results, a number of corre-
lations have been developed for the pressure forces acting on the
core under varying ﬂow conditions. Again, as seen in case of Sun
et al. [27], these correlations are not dimensionally homogeneous,
equating the ﬂow velocity to the forces. Moreover, these correla-
tions cannot be used explicitly in the design of a valve as the ﬂow
coefﬁcient term is missing from these correlations. In the present
study however, a novel trim design has been proposed and devel-
oped that explicitly relates the geometrical features of a control
valve components to its design parameters.
The aforementioned literature suggests that the current litera-
ture lacks detailed information about the ﬂow mechanics of the
valve at local level, and its effects on global ﬂow performance in-
dicators of the valve. This results in limited information to make
suitable changes in the design for smooth operation of the valve
under diverse ﬂow conditions. In the present investigation, the
following novel elements have been addressed:
1. The inability of global performance indicators used in the design
process to ensure satisfactory local ﬂow characteristics over a
wide range of operating conditions.
2. Development of novel parameters to quantify local and global
ﬂow characteristics.
3. Development of a novel parameter based on the local geometric
features of the trim.
4. Developing an improved design of multi-stage continuous-
resistance control valve trims that takes into account the local
ﬂow characteristics and geometric parameters.
In order to achieve the aforementioned aims, the study makes
extensive use of a range of techniques, such as numerical (CFD),
experimental (ﬂow loop), statistical (Taguchi) etc. In the next sec-
tion, the details of the numerical methodology employed have been
discussed in detail.2. Numerical modelling of the control valve
The numerical modelling of the multi-stage continuous-resis-
tance trim and control valve has been carried out using Ansys 17.0
in order to establish the relationship between the local ﬂow
behaviour and the global performance indicators. The CFD based
numerical modelling comprises of three stages i.e. pre-processing,
solver setup and post-processing [29]. Pre-processing is further
divided into the ﬂow domain geometry creation and its meshing,
and into solver setup, which includes the speciﬁcation of boundary
conditions, material properties, turbulence modelling, convergence
criteria, initial solution etc. All these aspects need special consid-
eration for ﬂow through complex geometries [30]. Post-processing
involves the analysis of CFD data obtained and for displaying ﬂow
features in a complex geometry, the choice of planes and the ﬂow
variables to be analysed need special consideration [31].2.1. Geometry of the control valve
The geometry of the control valve, installed with the baseline
model of the trim, is shown in Fig. 2. This model of the control valve
is manufactured by the industrial collaborator and enjoys a large
presence in process applications. The present work has been car-
ried out in order to improve the current design, based on extensive
investigations on the local ﬂow features through the use of
computation ﬂuid dynamics, which are difﬁcult to obtain from
conventional experimental methods. It can be seen in Fig. 2(a) that
D is the diameter of the valve's inlet and outlet sections. In accor-
dance with BS EN 60534-2-5 [11], the inlet and outlet sections of
the valve are connected to pipe sections (having same diameter).
The lengths of these pipe sections (i.e. inlet and outlet sections) are
2D and 6D respectively. The geometrical characteristics of the trim,
shown in the Fig. 2(b), depict that each disc of the trim comprises of
four quarters, where each quarter further comprises of rows of
circular cylinders. In the present study, the trim that has been
considered for analysis, consists of ﬁve rows of cylinders. To facil-
itate numerical analysis, the outermost row is termed as row 1 and
the inner most row is named as row 5. The ﬂuid ﬂows from row 1 to
row 5 in the present study, as the ﬂow is over the trim. The di-
ameters of the cylinders in a particular row are constant, and are
represented as d1 for row 1, to d5 for row 5. The radii, from the
centre of the trim, to the centre of each row, are termed as r1 to r5. It
must be noted that d1>d2>d3>d4>d5 in order to offer area expan-
sion to the ﬂow, to ensure systematic pressure reduction.
2.2. Meshing of the ﬂow domain
The meshing of the ﬂow domain is an essential step in CFD
modelling. Themeshing process ensures the breakdown of the ﬂow
domain into smaller parts, where each part is called a mesh
element. The size of mesh elements affects the accuracy of ﬂow
near the regions of high ﬂow velocity gradients [32]. For accurate
prediction of the local ﬂow behaviour in control valves, the ﬂow
domain should be broken down into a large number of mesh ele-
ments (millions in case of 3D problems). The same has been carried
out in the present study by controlling the mesh element sizing
[33]. The minimum mesh element size used in the present inves-
tigation is 0.35mm,while themaximum size used is 3mm. This has
resulted in 5.3 million mesh elements within the valve and the
trim, as shown in Fig. 3. This mesh corresponds to amesh density of
445.6 elements per cm3. It can be further seen in Fig. 3 that two
different types of mesh elements have been incorporated within
the ﬂow domain considered i.e. hexahedral and tetrahedral mesh
elements. Hexahedral mesh elements have been used in the re-
gions where the geometry is relatively simple and symmetric (like
in the inlet and outlet pipes), while the tetrahedral elements have
been used in the areas of high geometric complexities (like in the
valve and the trim). The choice of the shape of themesh elements is
further dictated by the symmetry in the ﬂow; for symmetric ﬂows,
hexahedral mesh elements are preferred, while for highly complex
ﬂows, tetrahedral elements provide accurate results [34]. It has
been shown in section 3.0 that the resulting mesh is capable of
accurately predicting the ﬂow parameters within the valve and the
trim.
In order to address the third aim of the present study i.e.
quantifying the effects of geometrical features on the local and
global ﬂow characteristics within the trim and the valve, a more
stringent control is required to mesh the small areas available for
the ﬂow to take place within the different rows of the trim, and
which are different in different rows of the trim. Hence, a technique
based on Proximity and Curvature of the ﬂowdomainwalls (such as
cylinders etc) has been used to manage the mesh elements within
(a)
(b)
(c)
Fig. 2. The geometry of the control valve (a) ﬂow domain (b) trim (c) geometrical characteristics of the trim.
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related parameters in the near-wall regions, especially around the
cylinders of the trim; additional layers of hexahedral elements (two
for each cylinder) have been created with a speciﬁc growth rate (of
20%). These near-wall mesh element layers can be seen in Fig. 3. The
mesh quality parameters, based on the mesh controls mentioned
speciﬁed for 5.3 million elements mesh, is summarised in Table 1. It
can be seen that all the average values of all the quality parameter
indicate that this particular mesh is appropriate for further analysis.2.3. Boundary conditions and material properties
It is an established fact that the ﬂow capacity of a control valve
trim is independent of the ﬂow rate passing through it [12]. In the
present study, the inlet boundary of the ﬂow domain has been
speciﬁed with a constant mass ﬂow rate of 12.51 kg/s based on the
recommendations stated in BS EN 60534-2 [2]. This mass ﬂow rate
value is the same to the value at which the experiments have been
carried out in the present study (discussed in section 4.0). The
outlet boundary of the ﬂow domain has been modelled as pressure
(a)
(b)
Fig. 3. Meshing of the ﬂow domain (a) ﬂow domain (b) trim.
Table 1
Mesh quality parameters.
Quality Parameter Average Value
Element quality 0.78
Aspect ratio 2.19
Orthogonality 0.88
Skewness 0.20
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Moreover, turbulence intensity of 5% has been speciﬁed at both the
inlet and outlet boundaries of the ﬂow domain. All the walls in the
ﬂow domain (like cylinders, valve body etc.) have been modelled as
no-slip walls, ensuring that there is no slip (velocity difference)
between the wall and ﬂuid velocity at the wall. A summary of the
boundary conditions speciﬁed in the present study is presented in
Table 2. Moreover, the ﬂuid considered for both numerical and
experimental testing of the valve and trim is water. The optimisa-
tionmethodology developed in the current studymay be used with
other incompressible ﬂuids as well, although the exact geometric
changes will depend on the ﬂuid being used. For compressible
ﬂuids, additional investigations may be needed. The values of
density and dynamic viscosity of water speciﬁed are 998.2 kg/m3
and 0.001003kg/m-sec respectively.
2.4. Turbulence modelling
Control valves are used in those industrial applications where
the ﬂuid ﬂow needs to be regulated. In such applications, the ﬂowTable 2
Boundary conditions.
Boundary Type Value
Inlet Mass ﬂow rate 12.51 kg/s
Outlet Pressure 0 kPa (total, gauge)
Walls (valve and trim) Stationary walls No-slipvelocity is reasonably high, resulting in turbulent conditions. Based
on the mass ﬂow rate of 12.51 kg/s passing thorough the valve in
the present study, the Reynolds number of the ﬂow at the inlet of
the ﬂow domain has been calculated to be 1.5 105 which is well
above the threshold value of turbulent ﬂow. Moreover, while
passing through the different sections of the valve and the trim, as
the area available for the ﬂow to take place decreases, the Reynolds
number further increases, ensuring the ﬂow to be turbulent
throughout the ﬂow domain.
There are different turbulence models that have been
mentioned in the texts [36], and it is known that particular models
are suitable for speciﬁc applications. It has been shown by Asim
et al. [37] that the use of a two equation turbulence model, known
as k-u turbulence model, is preferable in case of internal ﬂows.
Here k refers to the turbulent kinetic energy while u represents the
turbulence dissipation rate. The k-u turbulence model has two
further variants i.e. the standard model and the Shear Stress
Transport (SST) model [38]. In the present study, the SST model has
been used tomodel turbulence in the ﬂowbecause of its superiority
in predicting complex ﬂow features (like adverse pressure gradi-
ents) within valves and trims, as compared to the standard model
[39]. Hence, in addition to the Reynolds averaged Navier-Stokes
equations (RANS; for 3D ﬂows), and the mass conservation equa-
tion, the equations of k and u are also solved iteratively. An inde-
pendent comparative study between SST-k-u and standard k-ε
turbulence model has been carried out, which has shown that
while SST k-umodel under-predicts the static gauge pressure at the
inlet of the ﬂow domain by 5.2% (discussed in section 4.0 of this
study), the widely used standard k-ε model over-predicted it by
18.7%. The use of appropriate turbulence model for multiphase
ﬂows in complex geometries requires special consideration. Prad-
han et al. [40] developed measurement techniques for local ﬂuc-
tuations in the velocity ﬁeld that may have impact on local
turbulence in multiphase ﬂows. Asim et al. [41] developed a
comprehensive model for global ﬂow characteristics in ﬂow
through complex geometries for multiphase ﬂow applications.
2.5. Solver setup
The RANS equations have been discretised which requires
pressure-velocity coupling for accurate prediction of pressure drop
across the complex ﬂow ﬁeld [42]. For this purpose, a Semi Implicit
Method for Pressure Linked Equations (SIMPLE) has been used that
solves a pressure correction equation [43]. Similarly, for spatial
discretisation of gradient (constructing cell-centred scalars), a
Green-Gauss Node-based gradient evaluation has been used in the
present study. 2nd order upwinding has been speciﬁed for the
discretisation of momentum and turbulence parameters, in order
to accurately predict the complex ﬂow features within the valve
and the trim. An independent comparative study between the 1st
order and 2nd order discretisation schemes has been carried out.
The study shows that while 2nd order schemes under-predicts the
static gauge pressure at the inlet of the ﬂow domain by 5.2% (dis-
cussed in section 4.0), the 1st order schemes under-predicted it by
6.7%. Hence, the 2nd order discretisation schemes aremore suitable
in case of control valves.
Convergence achieved through numerical techniques is a rather
subjective matter, depending on the convergence criteria being
speciﬁed. In the present study, the convergence of static gauge
pressure at the inlet of the ﬂow domain (in kPa) has been moni-
tored throughout the iterative process of the pressure-based
steady-state solver, as shown in Fig. 4. It can be seen that after
the initial solver instabilities (ﬁrst 100 iterations), the pressure at
the inlet (Pin) gradually increases. Roughly after 1800 iterations of
the solver, the inlet pressure values gets converged, which means
Fig. 4. Convergence of the solution.
T. Asim et al. / Energy 174 (2019) 954e971960that although there are variations in the inlet pressure values, these
variations are cyclic with very small deviation from themean value.
Hence, all the numerical simulations conducted in the present
study have been run for 2500 iterations.3. Mesh independence and grid convergence studies
The process of determining the number of mesh elements
required for an accurate numerical solution is called as Mesh In-
dependence Testing. Without mesh independence testing, the
validity of numerically predicted ﬂow features remains uncertain.
For this purpose, a number of meshing schemes have been devel-
oped [44]. A comparison of the ﬂow parameters predicted using
different mesh schemes indicate the appropriateness of number of
mesh elements required to accurately predict the complex ﬂow
ﬁeld. In the present study, apart from the already generated 5.3
million elements mesh, three more mesh schemes were used.
These mesh schemes result in mesh element numbers of 3.4
million, 4.3 million and 6.5 million mesh elements for the three
cases respectively. Inlet pressure (similar to Fig. 4) is recorded for
each of these mesh schemes. The results corresponding to these
cases are depicted in Fig. 5.
It can be seen that almost all the mesh schemes show the same
trend i.e. gradual increase in the inlet pressure. The convergence in
case of lesser number of elements is much quicker, however, theFig. 5. Mesh independence testing results.ﬁnal pressure values are different. Hence, only the average Pin
values for the last 500 iterations have been evaluated in Table 3.
It can be seen from Table 3 that the average inlet pressure value
has increasedwhenmesh elements have increased from 3.4million
to 5.3 million. There is a slight decrease in pressure values when
mesh elements have increased from 5.3 million to 6.5 million.
Furthermore, analysis of average Pin values shows that there is an
increase of 5.1% in Pin value at 4.3 million mesh elements as
compared to 3.4 million mesh elements. From 4.3 to 5.3 million
mesh elements, this increase is 1.9%, and from 5.3 to 6.5 million
mesh elements, the increase further reduces by only 0.9%.
A Grid Convergence Study (GCS) has been carried out in the
present study to narrow down on the most appropriate mesh to be
used for further investigations. As discussed earlier, 2nd order
discretisation scheme has been used here; hence, the theoretical
order to convergence is 2. The order of convergence of the
numerically predicted results shown in Table 1 has been calculated
to be 2.372. The difference between the theoretical and numerical
order of convergences is due to a number of factors, such as solu-
tion, non-linearities, appropriateness of the turbulencemodel used,
surface roughness effects in real-world etc. Based on Richardson
extrapolation on 5.3 and 6.5 million element meshes [45], the
estimated Pin value at zero grid spacing has been computed to be
182.9 kPa. This has been plotted as a dashed-line in Fig. 6, along
with the numerically predicted Pin values at different mesh den-
sities. It can be seen that the numerical solution tends to reach the
estimated inlet pressure value.
Based on these results, Grid Convergence Index (GCI) has been
computed for the differentmesh schemes considered in the present
study (Table 4). GCI between 6.5 and 5.3 million elements meshes
has been calculated to be 0.26%, whereas, between 5.3 and 4.3
million elements meshes, GCI is 0.53%. Furthermore, GCI value
between 4.3 and 3.4 million elements meshes has been computed
to be 1.45%. Note that these GCI values have been computed based
on a safety factor of 1.25, as suggested for more than three mesh
schemes considered [45]. Based on the GCI values, the mesh with
5.3 million mesh elements has been considered to be capable of
predicting the complex ﬂow features within the valve and the trim
with reasonable accuracy, and hence this mesh scheme has been
chosen for carrying out further work in the present study.
4. Benchmark testing of the control valve
In numerical methods, the validation of numerical/mathemat-
ical models is of great importance for the legitimacy of the nu-
merical results. Benchmarking consists of carrying out experiments
in a controlled environment (laboratory based; same as speciﬁed in
the numerical solver) and to evaluate the global performance in-
dicators of the ﬂow handling mechanical artefacts [46]. For
benchmarking purposes, some special probes may need to be
developed especially for complex ﬂow and/or ﬂuids [47]. Hence, in
the present study, the same control valve and the trim, as used in
the numerical work, have been experimentally tested for quanti-
fying the variation of pressure across the valve against the ﬂow rate.
It must be noted that the differential pressure across the controlTable 3
Average Pin comparison.
(million) (kPa) (%)
No. of Mesh Elements Average Pin Difference in average Pin
3.4 172.8 e
4.3 181.6 5.1
5.3 184.9 1.9
6.5 183.3 0.9
Fig. 6. Grid convergence study.
Table 4
Grid convergence index.
No. of Mesh Elements (million) GCI
3.4 1.45
4.3 0.53
5.3 0.26
6.5
T. Asim et al. / Energy 174 (2019) 954e971 961valve, as predicted from CFD, was 184.9 kPa (as mentioned in
Table 3 corresponding to 5.3million elements for an outlet pressure
of 0 kPa).
A ﬂow loop has been developed for hydrodynamic characteri-
sation of the control valves. The schematic of the ﬂow loop is shown
in Fig. 7(a). The ﬂow loop consists of a 1m 1m x 1m plastic tank
that serves as the water reservoir. This tank is connected to a
centrifugal pump via a Polyvinyl Chloride (PVC) pipe. The pump(a)
(d)
Fig. 7. Components of the ﬂow loop (a) schematic (b) centrifugal pump (c) turbine ﬂhousing is made of cast iron with an impeller of grade 14 cast iron.
The shaft that connects the electric motor to the impeller is made of
grade 316 stainless steel, and has a power of 24.1 kWat duty point.
The electric motor has a rated power of 37 kWand a nominal speed
of 2900 rpm. The rated voltage and maximum current of the motor
are 3e400 V at 50 Hz and 65 A respectively. The pump delivers a
head of 54.7m and ﬂow rate of 26.2ltr/sec at the duty point. The
pump and the motor are connected to an inertia base made of four
parts gravel, 2 parts sand and 1 part cement mixture. The 250mm
deep inertia base is ﬁxed to the ﬂoor through four anti-vibration
mounts, consisting of springs with a maximum deﬂection of
20 mmat optimum load conditions, where each mount can sup-
port up to 198.9 kg of point load. The pump with its base is shown
in Fig. 7(b).
The centrifugal pump is connected to a full bore turbine ﬂow
meter, suitable for cold water applications. The self-cleaning syn-
thetic resin based impeller rotates on stainless steel spindles that
align with the pipe axis. The turbine ﬂow meter can measure the
ﬂow rates in the range of 1.8e120m3/h with a maximum pressure
loss of 0.2% at maximum ﬂow rate. The body of the ﬂow meter is
made of cast iron, as shown in Fig. 7(c). The turbine ﬂowmeter has
been integrated into the ﬂow loop to monitor the ﬂuid ﬂow rate
passing through the loop. Further down the line, the control valve is
installed with pressure tappings placed 2D before and 6D after the
valve as per the suggestions from standards. Four pressure tappings
are installed at each section tomeasure the average pressurewithin
the pipeline. The pressure tappings are connected to a differential
pressure transducer that records the differential pressure across
the control valve. The differential pressure transducer is based on
piezo-resistive stainless steel sensors, as shown in Fig. 7(d). It has a
pressure range of 20 mbar to 16 bar, with a supply of 12 V DC and
output of 0e20 mA. The pressure transducer works in a tempera-
ture range of þ5 to þ125 C, which is suitable for the experiments
conducted in the present study. The accuracy of the transducer is
±0.5%. The differential pressure transducer used can measure up to
2.5 bar differential pressure, with an accuracy of ±0.5%. The dif-
ferential pressure transducer feeds the current data to an AC-DC
converter, where a calibration equation is used to calculate the(b) (c)
(e) (f)
ow meter (d) differential pressure transducer (e) control valve (f) baseline trim.
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The control valve, as shown in Fig. 7(e), has a globe type body
manufactured in A351 CF8M cast. As 80% of the control valves are
pneumatically controlled by the actuators, the control valve used in
the present study is ﬁtted with a diaphragm based pneumatic
actuator. The actuator is controlled by 4.5 bar gauge air supply, and
is made of stainless steel. The body of the valve is globe type with
ASME 300 rating. The trim sits within the valve body, on a seat. The
trim/s used in the present study, as shown in Fig. 7(f), is made of a
material known as TuskXC2700T using a 3D printing technique
known as Stereolithography. A ﬂow chart summarising the exper-
imental procedures followed in the present investigation is pre-
sented in Fig. 8. The ﬁrst step in the experimental testing of the
control valve under consideration is to install the valve in the ﬂow
loop. Before starting the tests, the atmospheric pressure and water
temperature need to be recorded in order to compute the density of
water. In the present study, tests have been run at a constant ﬂow
rate of 45.12m3/h as recommended in BS EN 60534-2 [2,9e11].
Inlet pressure (absolute), the ﬂow rate of water and differential
pressure across the control valve have been recorded.
The average differential pressure recorded across the valve from
the different runs is 195.1± 0.97 kPa, which is 5.2% higher than the
value that is numerically predicted, which is acceptable due to a
number of variables affecting the experimental results, such as
human error in precisely recording the data, geometrical imper-
fections in the valve and the trim, surface roughness of the real
world valve etc. Based on these recorded values of ﬂow rate and
differential pressure, the ﬂow capacity of the trim has been
computed.5. Hydrodynamic performance evaluation of the trim
In the present study, the trim that has been used for both
experimental and numerical analyses will be referred to as the
baseline trim. The local ﬂow behaviour (variations in local pressure,
local velocity etc) of this trim needs to be correlated to its global
performance indicators (overall pressure drop, ﬂow rate etc) in
order to develop an improved design of multi-stage continuous-
resistance trims. First, there is a need to quantify the local variations
within the trim, and for this purpose, the variations of normalised
pressure difference have been considered here (same as in case of
[28]). The normalised pressure difference (NPD) has been deﬁned
as:
NPD ¼ Pin  p
1
2 r V
2
in
(3)
where p and Pin are the local and inlet static pressures (in kPa) and
Vin is the ﬂow velocity magnitude (in m/sec) at the inlet of the ﬂow
domain. Variation in normalised pressure difference will help in
identifying zones of higher velocity and pressure drop where
geometric modiﬁcation may be necessary. To develop useful design
correlations, the parameters need to be presented in non-
dimensional form and special care needs to be taken that the
equations developed are dimensionally homogeneous [48].
Fig. 9 depicts the variations of normalised pressure difference
within a quarter of the baseline trim model. The other quarters of
the trim also show the same behaviour and hence are not shown
here. It can be seen in the Figure that the normalised pressure
difference increases along the ﬂow path from the entry of the trim
(row 1) to its exit (row 5). However, this increase in the normalised
pressure difference is ﬂow geometry dependent i.e. it is higher in
between the cylinders of a particular row, while it is lower at the
entry and exit of each row. Lower normalised pressure difference isnoticed just upstream of each cylinder, as expected. It has been
found that the average normalised pressure difference at the entry
of row 1 is 3.7, while at its exit is 13.6. For row 2, the average
normalised pressure difference at the entry will remain the same as
on the exit of row 1 i.e. 13.6, while at its exit, it is 19.4. Similarly, at
the exits of rows 3, 4 and 5, the average normalised pressure dif-
ference values are 29.7, 35.5 and 40.7. These results show that the
average normalised pressure difference across row 1 is
13.6e3.7¼ 9.9, while for rows 2 to 5 these values are 5.8, 10.3, 5.8
and 5.2 respectively. Upon careful analysis of these results, it can be
clearly noticed that although the average normalised pressure
difference decreases from row 1 to row 2; it increases from row 2 to
row 3. From row 3 to row 4 and from row 4 to row 5, the decreasing
trend in the average normalised pressure difference can be seen
again. This suggests that the pressure losses in the 3rd row of the
trim are signiﬁcantly higher compared to any other row. However, a
more robust quantitative parameter is required to quantify the local
pressure losses within the trim.
Based on the above discussions, a dimensionless parameter has
been developed that can quantify the local pressure losses, per unit
radial distance within the trims. The parameter developed in the
present study quantiﬁes the local pressure drop within the trim,
and can be represented as:
Dpr ¼ pi  piþ1
ri  riþ1
(4)
where pi is the local average static pressure (in kPa) upstream of the
ith row of the trim, while ri is the radius (in m), from the centre of
the trim, to the location where pi has been measured. This
parameter represents the rate of change in local static pressure
with respect to the radius corresponding to each row. This is an
important parameter as proper selection of this parameters will
ensure gradual change in pressure and will help in avoiding con-
ditions such as cavitation and ﬂashing. Here, pi e piþ1 is the change
in local static pressure across a row while ri e riþ1 denotes the
change in the radius across the row. The variations in Dpr (in kPa/
m) for the baseline model of the trim are depicted in Fig. 10. The
variations in Dpr have been plotted against ri/rout where rout is outer
radius of the trim (in m). It can be seen that the value of Dpr across
the 1st row is 1787 kPa/m, which decreases to 1428 kPa/m across
the 2nd row. This means that although there is a signiﬁcant pres-
sure drop across the second row of the trim, the rate of pressure
drop decrease has reduced by 20%. Across the row 3 of the trim, Dpr
value is 3091 kPa/m, which is 116% higher than that across the row
2, and 72.9% higher than that for the row 1. Hence, the pressure
drop within the 3rd row of the trim is signiﬁcantly higher than
across the preceding two rows of the trim. Now, across the row 4,
the value of Dpr is 2232 kPa/m and across the row 5, Dpr is
2355 kPa/m. The rate of pressure drop across the last row of the
trim is slightly higher than that across the row 4 because there are
no more rows available after row 5, causing the pressure to further
decrease at the exit of the trim.
In order to further analyse the local ﬂow structure within the
trim, and to analyse the effect of row 3 in further detail, ﬂow ve-
locity variations within a quarter of the baseline trim are shown in
Fig. 11. Fig. 11 depicts the three components of ﬂow velocity in polar
coordinates i.e. radial, tangential and axial. All the three velocity
components are shown here to analyse the complexity in the local
ﬂow ﬁelds associated with the trim, and to establish that it is
indeed very important to consider the local ﬂow behaviour in the
design of a multi-stage continuous-resistance trim. It may be
possible to develop an integrated ﬂow model for ﬂow through a
complex geometry by combining several local ﬂow models [49]. It
can be seen that the radial ﬂow velocity is higher in between the
Fig. 8. Flow chart showing the experimental procedure.
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Fig. 9. Variations of normalised pressure drop within the baseline trim.
Fig. 10. Variations in rate of pressure loss across the different rows of the baseline trim.
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trend is valid for all the rows of the trim, however, severe non-
uniformities have been observed in the vicinity of cylinders in the
5th row. Moreover, it can be noticed that the highest radial ﬂow
velocity is recorded in between the cylinders of the row 3 with the
radial velocity values reaching up to 9.79m/sec. In comparisonwith
the row 3, radial velocity in the row 1 is, on average, 13% lower than
that in the row 3. Similarly, the rows 2, 4 and 5 depict radial ﬂow
velocities that are 21%, 28% and 49% lower than that in the row 3
respectively. An obvious similarity between the radial ﬂow velocity
variations and the normalised pressure drop variations (Fig. 9) is
the fact that wherever the radial ﬂow velocity is high, the nor-
malised pressure drop is also high; both these ﬂow parameters are
high in between the cylinders of each row. Moreover, as the radial
ﬂow velocity is highest in the 3rd row of the trim, the normalised
pressure drop is also highest in the 3rd row.
The tangential velocity component within the trim can be seen
to be quite systematic in the inner rows of the trim i.e. rows 2, 3 and
4. As the ﬂow has to take place around the cylinders, the tangential
ﬂow velocity is higher upstream of the cylinders where ﬂow
diversion takes place. Moreover, the tangential velocity component
is observed to increase with decreasing radius of the trim. It should
be noted here that the primary ﬂow velocity component in this
type of trim is the radial component, which dictates the ﬂow
behaviour in between the cylinders of a particular row. The axial
ﬂow velocity component is very small, with highest axial velocity
reaching 2.12m/sec, which is only 21% of the highest radial ﬂowvelocity and 34% of the highest tangential ﬂow velocity recorded
within the trim.
Hence, it has been established that the local ﬂow behaviour
within a multi-stage continuous-resistance trim is indeed very
complex in nature, and there is a need to integrate local ﬂow
characteristics with global performance indicators to have an
appropriate design of the trim.
6. Hydrodynamic characterisation of the trim
Both the global performance indicators and the local ﬂow
behaviour within a multi-stage continuous-resistance trim are
signiﬁcantly affected by the trim's geometrical features, as indi-
cated in Refs. [21e28]. In order to establish the relationship be-
tween the geometrical and hydrodynamic characteristics of the
trim, Design of Experiments (DoE) based approach has been used in
the present study [50]. In the baseline model of the trim (as in
Fig. 2(c)), it can be seen that the diameters of the cylinders of rows 1
to 5 are represented as d1, d2 d5. Hence, the number of factors
involved in DoE is ﬁve. Moreover, ﬁve levels of each diameter have
been considered in the present study to cover a wide range of
design possibilities. These levels are referred to as d, 0.95 d, 0.9 d,
0.85 d and 0.8 d, based on the limitations in the manufacturing of
such trims. As the number of parameters and levels considered in
the present study are ﬁve each, the L25 (5^5) Taguchi's Orthogonal
Array (OA) has been developed in order to establish the effects of
size of the cylinders of the trim [51]. Hence, the total number of
numerical simulations that have been conducted is 25 with varying
combinations of the diameters of the cylinders. Table 5 summarises
the factors and levels combination. Numerical simulations, using
CFD based techniques, have been carried out on all the designs
identiﬁed.
The pressure drop across each row of cylinders is recorded for
each of these simulations. Based on these pressure drop values, the
Taguchi design analysis has been carried out. The methodology
adopted for this type of analysis is known as Smaller is Better. In
this approach, the Signal-to-Noise ratio (S/N) is evaluated for each
combination of the factors and levels. The S/N ratio used can be
expressed as:
S
N
¼ 10 Log10
XDP2
n
(5)
where n is the number of responses of factor-level combinations.
The results of this analysis are presented in Fig. 12. The X-axis
represents the values of the different factors considered, while the
Y-axis represents the mean of the means of DP for each row of the
trim (in kPa). It can be seen that as the diameter of the cylinders
increases, the pressure drop increases, as expected. However, the
increase in the pressure drop is maximum in case of row 3. This
means that as the diameter of the cylinders of row 3 increases, the
pressure drop increase is more severe than in other rows of the
trim. Row 1 follows row 3 in this severity, which is then followed by
row 4, row 2 and then row 5. It must be noted that the severity of
pressure drop increase shown for row 4 is partly due to the effects
of row 3. As the ﬂow strikes row 1 ﬁrst, it is expected to result in
higher pressure drop, while at the exit of the trim (row 5), the
pressure drop is expected to be much lower as there are no further
rows available, and the ﬂow enters the valve body again (with
greater area available for the ﬂow to take place).
Based on these results, it can be concluded that the geometrical
characteristics of the multi-stage continuous-resistance trim in
general, and its 3rd row's geometrical features in speciﬁc, signiﬁ-
cantly affects the hydrodynamic characteristics of the trim. This
means that the 3rd row of the trim needs to have its geometrical
(a)
(b)
(c)
Fig. 11. Variations in ﬂow velocity components of the baseline trim design (a) radial (b) tangential (c) axial.
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Table 5
Design of experiments.
d1 d2 d3 d4 d5
Diameter of cylinders of row 1 Diameter of cylinders of row 2 Diameter of cylinders of row 3 Diameter of cylinders of row 4 Diameter of cylinders of row 5
d1 0.95d2 0.95d3 0.95d4 0.95d5
d1 0.9d2 0.9d3 0.9d4 0.9d5
d1 0.85d2 0.85d3 0.85d4 0.85d5
d1 0.8d2 0.8d3 0.8d4 0.8d5
0.95d1 d2 0.95d3 0.9d4 0.85d5
0.95d1 0.95d2 0.9d3 0.85d4 0.8d5
0.95d1 0.9d2 0.85d3 0.8d4 d5
0.95d1 0.85d2 0.8d3 d4 0.95d5
0.95d1 0.8d2 d3 0.95d4 0.9d5
0.9d1 d2 0.9d3 0.8d4 0.95d5
0.9d1 0.95d2 0.85d3 d4 0.9d5
0.9d1 0.9d2 0.8d3 0.95d4 0.85d5
0.9d1 0.85d2 d3 0.9d4 0.8d5
0.9d1 0.8d2 0.95d3 0.85d4 d5
0.85d1 d2 0.85d3 0.95d4 0.8d5
0.85d1 0.95d2 0.8d3 0.9d4 d5
0.85d1 0.9d2 d3 0.85d4 0.95d5
0.85d1 0.85d2 0.95d3 0.8d4 0.9d5
0.85d1 0.8d2 0.9d3 d4 0.85d5
0.8d1 d2 0.8d3 0.85d4 0.9d5
0.8d1 0.95d2 d3 0.8d4 0.85d5
0.8d1 0.9d2 0.95d3 d4 0.8d5
0.8d1 0.85d2 0.9d3 0.95d4 d5
0.8d1 0.8d2 0.85d3 0.9d4 0.95d5
Fig. 12. Variations in the mean pressure drop across the rows of the trim as a function of cylinders' size.
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the trim. Moreover, due to manufacturing constraints, the
geometrical characteristics of row 1 cannot be modiﬁed. It is thus
strongly suggested that the geometrical features of a multi-stage
continuous-resistance trim be determined and integrated in the
design of such trims.7. Improved design of a multi-stage trim
As it has been identiﬁed that the 3rd row of the trim is associ-
ated with signiﬁcant pressure losses within the trim, and that the
size of the cylinders within a row has considerable impact on the
hydrodynamic characteristics of the trim, the size of the cylinders
in different rows need to be modiﬁed for an improved trim design.In order to change the size of the cylinders, the ﬂow areas within
the different rows of the trim need to be analysed in detail. Hence, a
parameter has been developed (Flow Area Ratio (FAR)), which can
be deﬁned as:
FAR ¼ FAiþ1
FAi
(6)
where FAi is the available ﬂow area (in m2) in the ith row of the
trim. Hence, Flow Area Ratio deﬁned in equation (6) is the ratio of
the available ﬂow areas within consecutive rows of the trim. The
FAR can be an important parameter for the design as once the outlet
area of the trim has been speciﬁed; appropriate FAR values can be
used to provide ﬂow areas corresponding to different ﬂow paths.
Fig. 14. Flow Area Ratio variations within the improved trim model.
Table 6
Cylinder sizes of the improved trim design.
Improved trim design Value
Diameter of cylinders of row 1 d1
Diameter of cylinders of row 2 d2
Diameter of cylinders of row 3 0.89d3
Diameter of cylinders of row 4 0.83d4
Diameter of cylinders of row 5 0.67d5
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Fig. 13. The variations in FAR have been plotted against the centre
point distance between two consecutive rows of the trim. As dis-
cussed earlier, cylinders based multi-stage trims are designed
based on gradual ﬂow area expansion from the inlet to the outlet
i.e. from the outer most row to the inner most row in the present
study. This means that FAR from row 1 to row 5 should always be
higher than 1. It can be clearly seen that this is not the case between
the 2nd and the 3rd rows, where instead of an FAR between 1.13
and 1.21, it is actually 0.89. This suggests that in the baseline trim
model, there is area contraction from the row 2 to the row 3. This
increases the pressure losses within the row 3, associated with
higher ﬂow velocities seen earlier. From the rows 3 to 4 and the
rows 4 to 5, the usual area expansion trends can be seen. Thus, for
an improved design of a cylinders based multi-stage trim, the FAR
should be adjusted such that each proceeding row should offer area
expansion in a systematic manner.
Fig. 14 depicts the Flow Area Ratio variations that have been
selected for the improved trim model. It can be seen that the FAR
value between the ﬁrst 2 rows of the trim remains the same as in
the case of baseline trim model (i.e. 1.13). This is because these two
rows were offering area expansion. The FAR value between rows 2
and 3 has been computed based on an area ratio of (1.13 þ 1.21)/
2 ¼ 1.17. The modiﬁed FAR between rows 2 and 3 is thus 31.7%
higher than in the baseline trim model. Similarly, keeping the FAR
values between rows 3 and 4 and between rows 4 and 5 the same as
in the baseline trimmodel, the modiﬁed Flow Area (FA) values have
been computed, which are 32.7% and 32.4% higher than in the
baseline trim model respectively. Thus, it is expected that the
improved trim designwould offer continuous area expansion to the
ﬂow, hence, reducing the losses within the trim.
Based on the FAR calculations presented above, the improved
design of the trim has been created. The geometrical details of the
improved trimmodel are summarised in Table 6. It can be seen that
the sizes of row 1 and row 2 cylinders (i.e. d1 and d2) remain the
same as in the case of the baseline trim model, however, the cyl-
inders in rows 3 to 5 are smaller in size in the improved trim. The
reduction in cylinder size for row 3 is about 11% compared to the
baseline trim. Similarly, the size reductions in rows 4 and 5 are
about 17% and 33% respectively.
The improved trim design has then been numerically tested
using CFD based techniques discussed earlier, for the same
boundary and operating conditions. The normalised pressure dif-
ference and velocity components' variations are recorded for theFig. 13. Flow Area Ratio variations within the baseline trim model.improved trim, and the results have been compared against the
baseline trim results. Fig. 15 depicts the variations of normalised
pressure difference within the improved trim model. The scale of
the contour has been kept the same as in case of the baseline model
(Fig. 9) for effective comparison purposes. The most obvious point
that can be noted is that the normalised pressure difference values
across the whole trim are much lower than for the baseline trim. It
has been evaluated that the average normalised pressure difference
at the entry of row 1 is 1.9, which is 47.6% lower than for the
baseline trim model. At the exit of row 1, the average normalised
pressure difference is 11.1, which is 18% less than for the baseline
model. Similarly, at the exits of rows 2, 3, 4 and 5, the average
normalised pressure difference values are 19.4%, 34.3%, 33.8% and
36.6% less than for the baseline trim. Hence, it can be concluded
that the losses within the improved trim model are signiﬁcantly
reduced in comparison with the baseline trim model.
The parameter that was used to quantify the pressure drop
within the baseline trim model (i.e. Dpr) has also been used to test
the appropriateness of the improved trim design. A comparison ofFig. 15. Variations of normalised presser drop within the improved trim.
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and the improved) is shown in Fig. 16. It can be clearly seen that the
pressure losses within row 3 of the trim have now decreased
signiﬁcantly. The decrease in the rate of pressure drop within the
improved trim model, in comparison with the baseline trim model,
for rows 1 to 5, are 6.3%, 22.3%, 62.5%, 31.2% and 55.5% respectively.
The reduction in the rate of pressure drop across rows 1 and 2
suggest that row 3 also affects (to some extent) the hydrodynamic
characteristics of rows 1 and 2, which was not evident while ana-
lysing the baseline trim earlier. Hence, a comparison of the rate of
pressure drop across the different rows of the trims is an effective
tool that can be utilised for the characterisation of the hydrody-
namic behaviour of trims. Another indication from Fig.16 is that the
effect of row 3 on row 4 is more pronounced. Based on the area
ratio calculations, it was expected that Dpr would continuously
decrease from row 1 to row 5, however, it can be seen that the rate
of pressure drop in row 4 is still higher than row 3. This further
implies that Dpr needs to be used in an iterative manner in order to
optimally design these multi-stage trims, for minimum pressure
drop across the trims.
Fig.17 depicts the ﬂow velocity components in polar coordinates
within the improved trim. In comparisonwith Fig. 11, it can be seen
that both the radial and tangential velocities are signiﬁcantly lower
in the improved trim model. The axial velocity component, as
mentioned earlier for the baseline trim model, is too small to affect
the performance of the trim. In comparison with the baseline trim
model, the average radial ﬂow velocity in between the cylinders of
row 1 of the improved trim is 7.3% less. Similarly, for rows 2 to 5, the
average radial ﬂow velocities in between the cylinders are 10.9%,
40.8%, 39.1% and 36% lower than for the baseline trim. Again, it can
be seen that the radial ﬂow velocity in the row 4 is slightly higher
than expected, because of the aforementioned reasons.
As a concept design, it has been shown numerically that the
improved trim design performs hydrodynamically better than the
baseline trim model. However, this concept design needs to be
proven experimentally. Hence, the improved trim model was
manufactured using the same material and tolerances, and tested
in the same ﬂow loop with the same operating conditions. The
improved trim model is shown in Fig. 18. The pressure drop across
the control valve, installed with the improved trimmodel, has been
experimentally obtained to be 168 kPa, which is considerably less
than 184.9 kPa as obtained for the baseline trim model. Hence, a
9.1% reduction in the pressure drop, across the control valve hasFig. 16. Comparison of pressure loss across the different rows of the baseline and the
improved trims.been achieved, ensuring that the improved trim design is indeed
efﬁcient, and hence, the multi-stage continuous-resistance trim
design developed here, based on ﬂow area ratio, is more accurate in
achieving the desired global performance indicators.8. Energy loss analysis of the trim
In order to ascertain the hydrodynamic efﬁciency of the
improved trim, over the baseline trim, a parameter has been
developed to determine the energy efﬁciency of both the trims. This
parameter (DE) is representative of the change of energy across the
different rows of both the trim models. The parameter DE can be
expressed as:
DE ¼ ðpi  piþ1Þ
rg
þ V
2
i  V2iþ1
2g
(7)
where Vi is the average ﬂow velocity magnitude upstream the ith
row of the trim (in m/sec), r is the density of water (in kg/m3) and g
is the gravitational acceleration (in m/sec2). In equation (7), Vi-Viþ1
denotes the change in average local ﬂow velocity magnitude across
a row of the trim. The variations in DE (in m), across the different
rows of both the trim models, have been shown in Fig. 19, where
rout is the outer radius of the trim (in m). It can be seen that the
energy losses across the different rows of the improved trim model
are signiﬁcantly lower than for the baseline trim model. The
reduction in energy losses, across the 3rd row of the improved trim
is 55.7%. Moreover, energy losses across rows 1, 2, 4 and 5 of the
improved trim are 18.2%, 4%, 41.1% and 67.7% lower than for the
baseline trim. Hence, on average, the energy losses across the
improved trim are 37.9% lower than the baseline trim. This means
that the improved trim is 37.9% more energy efﬁcient than the
baseline trim. This further ascertains that the trim design devel-
oped here, based on FAR, is superior to the existing design that does
not consider geometric features and local ﬂow behaviour explicitly.9. Conclusions
The hydrodynamic characteristics of multi-stage continuous-
resistance control valve trims are signiﬁcantly inﬂuenced by the
local geometric/design features of the trim. These features include
size and location of cylinders embedded within the disks to create
desired ﬂow paths. The current design and analysis methodology
for these trims do not explicitly take into account the interrelation
between the geometric/design features and the corresponding local
ﬂow behaviour, resulting in inefﬁcient trim designs. In the current
study an explicit interrelationship has been established between
these parameters. The main conclusions that can be drawn from
this work are:
 There are signiﬁcant non-uniformities observed in local pres-
sure and ﬂow velocity ﬁelds within multi-stage continuous-
resistance trims because of local geometric/design features. It
has been seen that location and the size of cylinders affect the
local ﬂow ﬁelds, and hence the overall energy loss through the
trims. Through optimal selection of the size and location of
these cylinders, the non-uniformities can be managed in order
to develop more efﬁcient trim designs with improved hydro-
dynamic characteristics and longer life span.
 The geometrical characteristics of a multi-stage continuous-
resistance trim substantially affect the hydrodynamic behaviour
of the trim. In poorly designed trims, it has been shown that the
inherent local pressure drop variations do not conform to the
trim's design philosophy. Hence, local maximas in pressure drop
(a)
(b)
(c)
Fig. 17. Variations in ﬂow velocity components of the improved trim design (a) radial (b) tangential (c) axial.
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likelihood of cavitation and ﬂashing.
 A novel geometry based design parameter (Flow Area Ratio,
FAR) has been developed that uniquely deﬁnes the ﬂow area
change in the ﬂow path corresponding to each row of the trim. Itthus enables easy quantiﬁcation of the effects of change in ﬂow
area on the local ﬂow features, and hence on the hydrodynamic
characteristics of the trim. FAR has thus been used as a design
parameter to design ﬂow paths in a trim enabling desired con-
trol over local ﬂow features. It has been shown that poorly
Fig. 18. The improved trim design.
Fig. 19. Comparison of energy loss across the different rows of the baseline and the
improved trims.
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parameter has then been used to rectify the design ﬂaws of the
trim. In general, FAR can be used for more efﬁcient trim designs.
 Control valves are often used in processing plants and
contribute to overall energy loss in the system. An over/under
sized valve trim will compound this problem by causing addi-
tional energy losses. The trim and associated ﬂow paths need to
be appropriately designed to minimise energy loss through the
trim. In the present study, a new/improved trim has been
designed in order to enhance the hydrodynamic characteristics
of the trim. The new trim design has been shown to be 37.9%
more energy efﬁcient than the baseline trim design.
It is thus clear that the improved design, which takes into ac-
count the local ﬂow behaviour within the trim, and the trim's
geometrical features, is more efﬁcient compared to the existing
trim design. However, this study can be extended further by ana-
lysing different trim designs, such as discrete trims (labyrinth) etc.Nomenclature
c Numerical constant ()
CvSeat Flow capacity of the seat ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m7=kg
p
Þ
CvBody Flow capacity of the valve body ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m7=kg
p
Þ
CvTrim Flow capacity of the trim ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m7=kg
p
Þ
CvControl-Valve Flow capacity of the control valve ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m7=kg
p
Þ
d Diameter of cylinders (m)
D Diameter of pipeline (m)
Dpr Pressure loss parameter (kPa/m)
DE Energy loss parameter (m)
FAi Flow area available in the ith row of the trim (m2)
FAR Flow Area Ratio ()
g Gravitational Acceleration (m/sec2)
n Number of responses ()
p Local static gauge pressure (kPa)
pi Average static pressure upstream the ith row of the trim
(kPa)
Pin Static gauge pressure at the inlet boundary of the ﬂow
domain (kPa)
DPTrim Differential pressure across the trim (kPa)
DPControl-Valve Differential pressure across the control valve (kPa)
QTrim Volumetric ﬂow rate passing through the trim (m3/hr)
QControl-Valve Volumetric ﬂow rate passing through the control
valve (m3/hr)
r Radius of rows (m)
ri Radius upstream the ith row of the trim (m)
rout Outer radius of the trim (m)
Vi Average ﬂow velocity magnitude upstream the ith row
of the trim(m/sec)
Vin Flow velocity magnitude at the inlet of the valve (m/sec)
Greek Symbols
a Piping geometry factor ()
g Reynolds number factor ()
k Turbulent kinetic energy (m2/sec2)
u Turbulent dissipation rate (1/sec)
r Density of the ﬂuid (kg/m3)
ro Operating density (kg/m3)
Abbreviations
CFD Computational Fluid Dynamics
DoE Design of Experiments
GCS Grid Convergence Study
OA Orthogonal Array
POD Proper Orthogonal Decomposition
PVC Polyvinyl Chloride
RANS Reynolds averaged Navier-Stokes
RNG Re-Normalisation Group
SIMPLE Semi Implicit Method for Pressure Linked Equations
SST Shear Stress Transport
S/N Signal-to-Noise Ratio
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